A comparative study of marine members of the family Vibrionaceae with the technique of numerical taxonomy revealed habitat segregation as well as a cosmopolitan nature of species distribution among the vibrios in different marine environments. The bacterial strains analyzed were isolated from seawater, sediments, phyto-and zooplankton, and fish in the Indian Ocean, the South and East China Sea, and West Pacific Ocean, and coastal areas of Japan. A total of 155 morphological, physiological, and biochemical tests were carried out for each of 405 strains examined. The results showed that most of the large taxonomical clusters which emerged from the computation corresponded to ecological groups which have particular niches. For instance, each group of seawater vibrios inhabited a particular water layer of limited depth range, in spite of the fact that strains of the group were isolated from sampling locations spread over a wide area from the Indian Ocean to Japanese coast. Various vibrio groups showed remarkable differences in their physiological and biochemical activities, and the activities of each group seemed to correspond with its ecological niche. The strains which inhabited surface-water layers grew fast and actively utilized many high-molecular-weight organic compounds and carbohydrates that are derived from fresh, easily degradable organic matter present in the surface waters, whereas the middle-and deep-water vibrios did not decompose most of the high-molecular-weight organic compounds except chitin but, rather, utilized some carbohydrates and organic acids which seemed to be derived from refractory particulate organic matter present in the deeper waters.
The members of the family Vibrionaceae comprise one of the predominant bacterial groups in marine environments. They constitute a considerable part of marine heterotrophic bacterial populations. In general, members of the family Vibrionaceae contribute 10 to 50% of the heterotrophic bacteria from coastal seawater samples that grow on ordinary agar media used in marine bacteriology, although there are some exceptions among samples from highly eutrophicated areas (10, 17, 20) . They are also abundant in pelagic seawaters of the Pacific and Indian Oceans and in the South China Sea (21) . In marine environments, members of the family Vibrionaceae are closely associated with many kinds of marine animals from plankton (18, 24) to fish (13, 19, 26) . Their symbiotic relationship with luminous fish has been known since the last century (7) . Two species of the family Vibrionaceae, Vibrio anguillarum and V. parahaemolyticus, are pathogens for marine animals, and several species are also known as human pathogens. Other than the well-known V. cholerae and V. parahaemolyticus, an increasing number of species such as V. vulnificus and V. fluvialis are now recognized as the causative agents of human disease (3) . The present status of the taxonomy of the family Vibrionaceae is well documented by West and Colwell (25) . In Bergey's Manual of Systematic Bacteriology, Baumann and Schubert (2) list 20 species for the genus Vibrio, 4 species for the genus Aeromonas, 3 species for the genus Photobacterium, and 1 species for the genus Plesiomonas.
During the last 15 years we have isolated strains of the family Vibrionaceae from various marine environments, including seawater of the Pacific and the Indian Oceans, and the East and South China Sea, from various depths up to 2,000 meters, and also from phyto-and zooplankton and fish. In the present study, the method of numerical taxonomy was used to examine a large number of strains, mostly derived 782 SIMIDU AND TSUKAMOTO 17 17 family Vibrionaceae, were used for a comparative study. To assess experimental errors, 18 reference cultures were selected at random from the whole set of strains used. Before testing, each culture was examined for purity by streaking on agar medium (ORI medium given below). Media. Stock cultures were maintained on ORI shake medium and stored at 20°C. The ORI medium contained 1.0 g of proteose peptone no. 3 (Difco Laboratories), 1.0 g of yeast extract (Difco) 0.5 g of phytone (BBL Microbiology Systems), 0.2 g of sodium thiosulfate, 0.05 g of sodium sulfite, and 0.04 g of ferric citrate dissolved in a mixture of 900 ml of aged seawater and 100 ml of distilled water. Unless specified otherwise, ORI medium was used as the basal medium for the physiological and biochemical tests.
Morphology. Colonial morphology and pigmentation were determined on ORI agar plates after incubation for 7 days at 200C.
Luminescence on ORI agar medium was observed after 1 and 3 days of incubation. The presence of fluorescent pigment was detected on King medium (12). Micromorphology was examined with heat-fixed smears of 24-h cultures after staining with 0.2% fuchsin solution. Gram staining was carried out with the Hucker modification of the gram stain (4) . The presence of pleomorphism, curved and straight rods, chains, filaments, tapered ends, and cellular granules was recorded. The stained preparation was photographed, and the cell size was measured on photographic films under a microscope at low magnification. The production of poly-f3-hydroxybutyrate was tested on a seawater (75%) medium containing 0.5% sodium-,-hydroxybutyrate and 0.05% yeast extract. The presence of granules in the cells was observed after 2 and 4 days incubation at 200C. Motility of the strains was determined microscopically with a phase-contrast microscope.
Physiological and biochemical tests. The ability to grow at Susceptibility to antibiotics was tested with the disk diffusion method (BBL Sensi-System). The following antibiotics were tested: ampicillin (10 ,ug), carbenicillin (100 ,ug), cephalothin (30 ,ug), chloramphenicol (30 ,ug), clindamycin (2 ,ug), colistin (10 ,ug) , erythromycin (15 ,ug) , gentamicin (10 ,ug) , kanamycin (30 ,ug), penicillin (10 U), and streptomycin (10 ,ug) . For the carbohydrate metabolism test and some other biochemical tests, the Miniteck System (BBL) was extensively used. The following tests were carried out with the system: acid production from arabinose, cellobiose, dextrose, galactose, lactose, levulose, maltose, mannose, melibiose, raffinose, sucrose, trehalose, xylose, adonitol, dulcitol, glycerol, inositol, manitol, and sorbitol; hydrolysis of esculin, starch, and urea; utilization of citrate and malonate; nitrate reduction, Voges-Proskauer test, arginine dihydrolase, lysine decarboxylase, o-nitrophenyl-,B-Dgalactopyranoside test, phenylalanine deamination, utilization of citrate and malonate, and indole production. Production of H2S was determined with both the Minitek system and in SIM medium (Eiken Chemical Co. Ltd., Tokyo, Japan). The production of gas from carbohydrates was tested in ORI broth containing 0.5% carbohydrates. Inverted Durham tubes were inserted to detect gas production. Utilization of amino acids and organic acids was determiend with an artificial seawater medium, which is composed of 2.33% HABITAT (25) . The program used is described elsewhere (9) .
RESULTS
Phena. Most of the paired strains, which were tested at different times during the present study, were combined into taxa at a similarity coefficient of 87 to 95% (mean, 92%) when the unweighted average linkage method was adopted. There was 1 exception out of the 18 pairs, where the pair (strains no. 135 and 414) joined into a cluster at a similarity level of 81%. This pair has a similarity coefficient of 86.3% when compared with each other. Similarly, some pairs of type cultures of the same species (L. harveyi, V. parahaemoliticus, V. anguillulum, and V. alginolyticus) joined into taxa at a similarity coefficient of 91 to 93%. However, pairs of P. mandapamensis and V. costicola (V. costicolus) were divided into remote phena; the similarity values of these pairs were 80 and 84%, respectively. Strains that were not capable of fermenting carbohydrates (eight strains from seawater and two type cultures of P. fluorescens) joined Vibrio strains at a similarity coefficient of 67 to 84% when the average linkage method was employed. The distance between strains of the same species was closer with the average linkage method than with the single linkage method. These results suggest that, with the clustering of the present study, the level of similarity which distinguishes species may be set at approximately 80 to 85% when the average linkage method is used.
At a similarity coefficient of 86 to 90%, the 405 strains examined in this study clustered into 58 groups when the unweighted average linkage method was used. A simplified dendrogram is shown in Fig. 1 . Most of the single-strain phena were omitted from the dendrogram, and clusters that were composed of more than two strains are shown. There were 28 distinct clusters that included more than three strains.
Sources of the strains in the clusters are given in Table 2 . Most of the strains isolated from fish were clustered together (phena Fl, F2, F3, F4, F6) and did not include strains from seawater and plankton, although there were some clusters which included seawater strains and fish strains (phena PARA, MAND, S7, Sli, and F5). Likewise, most strains derived from plankton were concentrated into six phena (S2, P1, P2, S9, P3, and P4), although in some of these phena plankton strains were mixed with seawater strains.
A striking feature is that the clusters of seawater strains were composed of vibrio groups that inhabit particular water layers and are segregated vertically from each other. Thus, phena S2 and S9 were composed of strains isolated from surface-water layers at depths of 0 to 100 m, whereas phena S4 and Sli included strains isolated from layers at depths of 400 to 1,2Q0 m. Strains of clusters S3, S6, S7, and S10 were isolated from seawater samples collected between the layers that were inhabited by the surface and deep-water groups. Thus, habitat segregation was observed among the different groups clustered by taxonomic criteria.
The habitat segregation that was observed was apparantly independent of the area of sampling (Table 2 ). For example, phenon S2, whose members inhabit surface-water layers (0 to 100 m), consisted of isolates from the Indian Ocean, the South China Sea, and the Pacific Ocean as well as from plankton. Similarly, the inhabitants of middle-water layers (phenon S3) included isolates from diverse areas from the Indian Ocean to the Japanese coast. Apparently, water depth is a more critical factor than geographic location in determining the distribution of species. There are, however, some differences in geographic distribution among the groups that inhabit water layers of the same or similar depth.
Among luminescent bacteria isolated from the marine environment, segregation was also observed. One group of luminescent bacteria was included in phena PHOS and MAND, comprising isolates from fish intestine and seawater (O to 800 m) as well as type cultures of P. phosphoreum (NCMB 1198) and P. mandapamensis (NCMB 844), whereas the other group of luminescent bacteria fell into phena P1 and P2, which included cultures from plankton and surface seawater. Figure 2 shows the distribution of clusters in various water layers. The total number of strains at each sampling depth was corrected so as to be the same throughout the whole water column from the Indian Ocean to the Japanese coast. Hence, the area for each cluster in the figure is not proportional to the number of viable vibrios, which decreases with increasing depth. Although there are considerable fluctuations in the pattern of decrease depending on the time and place of sampling, generally vibrio counts were reduced by 1 order of magnitude from the surface to 200 m and by 1 further order of magnitude to 1,000 m. Taking account of this decrease in number, Fig. 2 gives an approximate image of the distribution of various vibrio groups in the sea.
Several phenotypic characteristics of these clusters are shown in Tables 3 and 4 . DISCUSSION
In the present study 354 strains of vibrios and related organisms from pelagic marine environments were examined along with 25 86  0  20  0  25  40  0  100  100  71  42  80  0  0  0  0  92  20  86   0  0  57  0  0  0  8  0  0  100  20  29  67  80  43  25  0  0  8  0  0  8  0  43  33  100  0   0  0  14  100  100  0  92  60  14  0  100  100  0  0  29  100  100  71  0  0  0  8  0  43  0  0  57  0  0  0   41  45  86  29  0  0  0  0  12  0  0  0  76  82  100  100  35  0  100  0  0  0  0  0  100  27  57  100   100  0  0  14  0  0  0  0  65  9  0  71  65  100  86  100  100  27  100  100  100  73  14  43  24  0  0  0  6  6  43  57  100  100  100  100   100  9  100  0  100  100  100  0  59  9  100  0  88  0  100  57  0  0  0  0  100  100  100  43  0  0  0  0  47  0  0  0  53  27  71  57  100  100  0  0   0  0  0  0  100  0  100  0  0  0  0  0  0  0  0  0  100  8  100  0  6  0  29  0   50  20  13  91  67  25  0  63  55  0  25  0  57  36  0  67  100  37  100  67  92  100  97  100  83  100  100  100  100  0  100  100  93  100  0  75  60  43  100  0   42  40  20  64  0  58  0  13  55  0  92  100  97  100  83   36  40  0  0  0  0  0  0  0  82  60  86  91  0  86  27  60  71  9  0  0  0  0  29  27  0  0   0  0  0  100  60  86   35  0  0  0  0  0  0  0  0  0  0  14   94  0  57  71  100  91  43  100  88  100  57  100  82  73  0  86  18  9  0  29   6  27  14  43  0  0  0  0  94  100  100  100   42  0  0  25  0  83  100   0  0  25  100  100  92  0  17 (2) listed 20 Vibrio species, 13 species of which were not included in the present study. Comparison of the main characteristics of the clusters that emerged in the present study with the species listed in Bergey's Manual of Systematic Bacteriology revealed that most of the clusters of seawater vibrios did not fall into the listed species, with the one eKception that the majority of luminescent bacteria were closely related to P. phosphoreum, P. mandapamensis, or V. fisheri. Strains of phenon S2 were similar to V. campbelii in biochemical characteristics, although most of them were slightly curved rods, and in this respect that differed from V. campbellii. Kaper et al. (11) carried out a numerical taxonomic study on the vibrios from estuarine environments and showed that most of the isolates belonged to known species. Most of the known vibrio species were not psychrophilic. There are only two known species, V. logei and V. marinus, which definitely grow at 4°C. On the other hand most of the middle-and deep-water strains in this study grew well at 2°C. Further taxonomic and molecular genetic investigations are required to determine taxonomic relationships among the oceanic vibrios and between the known species and these strains. A remarkable feature derived from the results is that the clustering of marine vibrios by the technique of numerical taxonomy revealed habitat segregation in the vibrio population. Some cluster (phena S2 and S9) contained isolates almost exclusively from surface water and plankton, in spite of the fact that they had been isolated from remote areas ranging from the Indian Ocean to the Japanese coastal region. Other clusters (phena S3, S6, and S10) were inhabitants of subsurface waters, and still other clusters (S4 and Sli) were those of further deeper waters. In most of the clusters the strains were isolates from remote sampling areas, which showed the cosmopolitan nature of species distribution of marine bacteria. The growth temperature and salinity range of each phenon appeared to reflect environmental conditions of the phenon habitat. Most of the strains in phenon S2 and S9, which are isolates from surface waters, did not grow at temperatures lower than 5°C, but they did tolerate lower concentrations of NaCl, whereas most strains in phena S4 and S1l, isolates from deeper waters, grew at 50C. None of the deep-water vibrios grew at .340C, whereas 58 to 80% of the surface vibrios did. More remarkable differences were observed in the biochemical activities of isolates from different water layers. The surface vibrios (phena S2 and S9) showed much greater metabolic activity than the vibrios of deeper-water layers (phena S4 and Sl1).
Strains of phena S2 and S9 grew much faster than the deep-water vibrios. They actively decomposed highmolecular-weight organic compounds such as starch, esculin, gelatin, casein, and DNA and produced phosphatase. On the other hand, deep-water vibrios did not hydrolyze starch, casein, and esculin, and the percentage of phosphatase producers was low.
Clear contrasts were also observed in the pattern of carbohydrate utilization. Almost all of the strains of surface vibrios produced acid from maltose, cellobiose, trehalose, and glycerol, and none of them decomposed galactose and xylose. All of the strains of phenon S9 and 37% of phenon S2 strains produced acid from mannitol. On the other hand, most of the deep-water vibrios produced acid from galactose and mannose, but did not decompose mannitol, cellobiose, and trehalose. Strains of phenon S4 also produced acid from xylose. Strains of phena S3, S6, S7, and S10, which are mainly composed of isolates from the intermediate layers between the surface and deep waters, showed characteristics intermediate in all respects between the surface-and deep-water vibrios. They showed moderate growth rates and an intermediate range of growing temperature and pH. All decomposed gelatin and DNA, and some of them decomposed esculin and casein. The pattern of carbohydrate utilization was also intermediate between that of the surfaceand deep-water vibrios. On the other hand, the percentage of chitin decomposers was lower than those of both surfaceand deep-water vibrios, and some strains decomposed laminaran, which is not accessible to surface-and deepwater vibrio groups. The different biochemical activities observed in the various taxonomic clusters seem to reflect the nutritional environment in which the strains of each cluster live. The surface seawater layers contain more fresh and easily decomposable organic substances derived from phyto-and zooplankton and bacteria. These organic substances are quickly decomposed and utilized by bacteria and zooplankton at the surface. Riley (15) estimated that about 90% of organic matter produced in the surface water is decomposed before it reaches 100 m of depth. Thus, most particulate organic matter is decomposed by bacteria and other organisms before it reaches the deep-water layers. Handa 100  92  88  33  13  0  13  42  0  0  33  32  88  33  0  0  100  0  100  100   38  100  0  0  88  83  100  58  100  100  75  100  0  17  100  0  100   100   50  100  0  100  13  25  25  67  0  0  0  100  0  0  0  0  88  33  0  67   81  0  71  59  71  29  0  43  10  29  71  100  50  66  57  0  0  0  0  0  74  25  64  90  100  58  100  64  83  71  0  50  29  5  0  100  75  100  100  100 100  75  93  100  100  40  0  57  100  100  3  0  14  90  57  67  100  14  5  43  0  0  0  0  0  0  0  0  0  0  90  75  100  100  100  32  0  0  2  0  0  100  100  90  100  100  100  100  100  86   13  100  100  98  100  0  25  71  0  14  45  100  93  100  86  77  100  86  100  100  100  100  100  100  100  84  100  100  100  100  32  25  29  0  0  10  100  93  95  100  100  100  100  100  100   3  100  93  98  86  94  75  93  0  86  19  75  93  98  86  42  100  100  98  100  0  25  100  93  100  97  75  100  5  86  0  0  0  0  0  16  0  36  0  0  68  100  100  100  100  77  0  0  2  0   0  100  0  91  100  45  38  0  0  82  100  36 38  0  13  0  13  67  0  18  0  18  63  73  0  64  13  0  100  64   0  0  13  0  100  0  38  9  100  82  75  20  0  0  25  0  100  27   0  0  0  73  0  55   0  100  0  0  0  100  0  0  0  9  0  0  0  0   57  78  22  50  29  67  22  13  86  100  100  50  0  11  0  0  71  11  44  50  100  100  89  75  57  44  11  0  100  100  100 0  100  56  56  100  0  0  0  0  0  0  22  0  83  89  89  100   43  0  22  25  0  0  0  0  0  0  63  0  14  44  22  100  86  67  100  100  0  44  89  75  0  0  22  100  0  0  56  50  0  67  100  100   0  0  0  0  0  0  0  0  0  33  44  0  14  0  22  0  0  0  22  0  43  50  11  100  0  0  0  0  0  0  0  0  0  22  67  0  0  0  0  0   0  0  3  0  0  0  0  0  18  0  0  0  0  0  0  10  0  0  0  0  0  36  0  11  0  0   0  50  0  0  25  0  0  83  88  100  75  67  63  42  0  17  13  0  13  0  83  100   65  0  0  10  0  3  0  7  54  14  0  0  0  39  43   97  75  36  24  29  100  75  100  93  86   73  100  100  90  100   43  100  100  100  86   7  0  57  41  57  3  0  57  20  29  0  50  0  2  0  100  100  100  95  100   0  10  50  0  50  0  100  20  100  45  100  9  100  0  38  0  63  0  0  0  100  27   0  11  0  0  0  0  0  0  0  0  0  0  71  78  78  50  43  67  100  75  50  78  100   100  0  0  89  100  0  11  22  0  0  22  22  50  0  0  0  25  83  89 0  0  7  0  17  27  80  86  6  82  14  43  50   Carbenicillin   0  0  0  0  0  0  60  43  0  27  0  0  33  Cephalothin   33  20  7  9  67  27  80  86  47  55  14  71  75   Colistin   0  0  0  0  100  100  100  100  100  91  0  14  0  Gentamicin   25  80  50  27  100  55  40  43  94  82  71  71  92  Penicillin  0 decomposition of refractile organic compounds such as agar, carrageenan, mannan, and xylan. Handa et al. (6) showed that detrital material from deeper (500-m) water contains much higher amount of mannose, xylose, arabinose, and galactose in its hot water-extractable fraction than that from surface (10-m) water. If we assume that vibrios in deeper waters depend for their nutrients on the particulate organic matter falling from the surface, their data are well in accord with the ability of deep-water vibrios to utilize these sugars. The surface vibrios did not utilize these sugars, whereas they can utilize other sugars like cellobiose, glycerol, and maltose, which are not accessible to the deep-water vibrios, and which are produced during the process of decomposition of phytoplankton by bacteria or digestion by marine animals. The concept of habitat segregation has been well established in ecology since Imanish first proposed it in 1949. It implies temporal or spatial segregation of the habitats of two or more species of a related group due to differences in the biotic and abiotic environment. The present study revealed habitat segregation among clusters of marine members of the family Vibrionaceae defined on purely taxonomic grounds, which indicates that a particular taxonomic group (species or genus) may correspond to or coincide with an ecological group having a particular niche and function in a given ecosystem.
There exists a possibility that the bacterial groups observed in the middle-and deep-water layers do not represent the indigenous bacterial flora in a given water layer, but are transient bacteria attached to falling particulate organic matter. Some types of particulate organic matter, notably fecal pellets of large zooplankton and nekton, are known to descend fairly rapidly at a rate of 40 to 100 m per day (1, 16) , and Fukami (K. Fukami, Ph.D. thesis, University of Tokyo, 1982) suggested that there is a vertical succession of bacterial flora associated with the process of decomposition of particulate organic matter as it falls through the water column.
However, the fact that the phena S2 and S9 excluded all middle-water vibrios, with the exception of four strains in phenon S9, which contained isolates from 1,200 m, and that the middle-and deep-water flora will not grow under the temperature and salinity conditions of surface waters, strongly suggests that the clusters that emerged from the present study represent indigenous vibrio flora that have adapted to environmental conditions of the depth at which they were sampled.
Some clusters were split into two groups, one inhabiting the surface-to middle-water layers and the other inhabiting the deeper, 1,200-and 1,600-m layers. Three strains out of four deep-water isolates of phenon S9 did not grow at the in situ temperature of 5°C and may have been transported down from the surface.
Strains from the coastal regions of the Northern Pacific Ocean formed clusters different from those of strains from southern areas. Strains from fish and plankton also, in general, comprised distinct clusters. From these results we conclude that taxonomic groupings emerging from numerical taxonomy coincide with ecological groupings of a specific ecological niche.
